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The Emergence of the Local Moment Molecular Spin Transistor 
 
Guanhua Hao,1 Ruihua Cheng2 and P. A. Dowben1 
1 Department of Physics and Astronomy, University of Nebraska, Lincoln, Nebraska, 68588-
0299, U.S.A. 
2 Physics Department, Indiana University Purdue University-Indianapolis, 402 N Blackford Str. 
LD154, Indianapolis IN 46202, U.S.A. 
 
Abstract 
Local moment molecular systems have now been used as the conduction channel in gated 
spintronics devices, and some of these three terminal devices might even be considered molecular 
spin transistors. In these systems, the gate voltage can be used to tune the molecular level 
alignment, while applied magnetic fields have an influence on the spin state, altering the magnetic 
properties, and providing insights to the magnetic anisotropy. More recently, the use of molecular 
spin crossover complexes, as the conduction channel, has led to devices that are both nonvolatile 
and have functionality at higher temperatures, indeed some devices have now been demonstrated 
to work at room temperature. Here, several molecular transistors, including those claiming to use 
single molecule magnets, are reviewed.  
 


































































 During the past few decades, “molecular spintronics” has been actively pursued because 
of the possibility of making nanoscale devices, utilizing the spin degree of freedom on the 
molecular scale [1–15]. This effort has been a combination of traditional molecular electronics 
with systems where the spin state matter, i.e. spintronics.  Part of the motivation is the potential 
for addressing the complex grand challenge of manipulating magnetically ordered states by 
electrical means. The magnetic state may be switched through voltage control potentially without 
large current densities and power consumption, if the system is molecular, thus may lead to 
molecularly based nonvolatile device elements, and this has considerable appeal. To date, most 
efforts at providing magnetic memory element solid-state devices have used magnetic spin valves 
or magnetic tunnel junction types of structures. Many of the magnetic tunnel junction structures 
utilize inorganic dielectric thin films, combined with various magnetic layers, where large 
electrical current densities are required to reverse the direction of magnetization of one of the 
magnetic layers in the device structure [16-18]. This can be a big drawback.  
 Molecular systems have the very real possibility of providing a room temperature device 
on a length scale less than 10 nm while delivering low power nonvolatile local magneto-electric 
memory operations at peak (and only peak) current densities below 104 A/cm2, i.e. reduced power 
consumption (potentially to be less than 3 aJ). The nonvolatility that is possible with these local 
moment or spin crossover molecular systems may requires a structural change of some part of the 
molecular system or creation of a suitable heteromolecular systems. This latter route seems 
promising as cooperative effects have now been observed [19]. The intermolecular cooperative 
effects, if dominant, suggests that room temperature nonvolatile molecular devices are likely to 
require write times that are longer than a nanosecond or, possibly, much longer than a nanosecond. 
The molecular nature of such devices suggests that the devices themselves might be engineered to 
be flexible. Also of interest, but of lesser practical value, are devices where conductance and spin 
state are manipulated by large magnetic fields. 
To achieve the electric control of the magnetic properties on the molecular scale, especially 
for a single molecule (or just a few molecules) in a device structure, molecules with a large local 
magnetic moment have attracted considerable attention. A large variety of organometallic and 
metal organic molecules exist, with one or more transition metal or rare earth metal ions as inner 
magnetic core and organic ligands surrounding the core as the shell [20,21], beginning with 





























































variants of [Mn12O12(OAc)16(H2O)4] [22-25]. The magnetic properties of these single molecule 
magnets (SMM) originate from the inner core, and often there exists a huge magnetic anisotropy 
within the molecule. The remanent magnetic moment, of the multiple metal atom core complexes, 
will depend on the alignment of the moments and, of course, applied field. The single ion single 
molecule molecular magnet frequently retain the magnetic anisotropy of the multiple metal atom 
core complexes, and the dysprosium metallocene cation complex [(CpiPr5)Dy(Cp*)]+(CpiPr5, penta-
iso-propylcyclopentadienyl; Cp*, pentamethylcyclopentadienyl) exhibiting something akin to 
magnetic hysteresis up to  80 K [26].  
As molecules, the single molecule molecular magnets (SMM) have a highest occupied 
molecular orbital (HOMO) to lowest unoccupied molecular orbital gap, thus as a condensed 
molecular system have no free electron density, and there is no medium for exchange [27,28], 
while intermolecular dipolar coupling is weak because of the separation between the metal cores. 
Not surprisingly, few are ferromagnetic or even antiferromagnetic as the condensed solid state 
films.  There is no Stoner-like exchange [29], but rather these are local moment systems in the 
condensed phase and the exchange splitting, on the molecular scale, is going to be insensitive to 
temperature. This is distinct from the spin crossover complexes [30,31], first noted as early as 1931 
[32,33], where the moment can vary from a low spin state, sometimes with zero net moment and 
thus exhibit diamagnetic behavior in the condensed solid state (as an ensemble of molecules) to a 
high spin state, thus showing moment paramagnetic behavior  in the condensed solid state. In spite 
of the different between the single molecule molecular magnets with multiple metal atoms, the 
single ion single molecule molecular magnets, and the spin crossover complexes in the high spin 
state, all are local moment molecular systems. 
Chemical modification provides a desirable way to tailor the organic ligand, which makes 
selective bonding to a particular surface possible [34], thus optimizing the stability of the device 
and potentially can provide a specific bonding orientation. One can also change the magnetic core 
and by doing so manipulate the magnetic properties of the molecule, without altering the structure 
significantly. Another way to switch the magnetization is through quantum tunneling. This 
phenomenon was observed in molecular crystals in 1996 [35,36]. When an external magnetic field 
is applied alone the easy axis of the molecular system, the degeneracy between ms and -ms is lifted 
(with positive ms being shifted up and negative shifted down), causing shifts in energy levels. 





























































In spite of the many complications faced, there has been progress towards making a three-
terminal molecular spintronic device and the molecular spin transistor has, in fact, now been 
realized. There has been much interest especially in molecular spin transistors where only a single 
molecule is addressed in the device. As reviewed here, these devices tend to show functionality 
only at very low temperatures, but more recently, molecular thin film devices have been shown to 
exhibit isothermal conductance switching even at room temperature.  
 
2. Transport behavior of molecules in transistor geometry 
 The single molecule transistor represents a large variety of three-terminal devices where a 
single molecule is embedded into a gap between the source and drain electrodes (Figure 1), and 
the gate adopted usually has the back-gated geometry, as reviewed elsewhere [27,28]. Two types 
of the gate materials have been typically chosen: highly doped silicon substrates with SiO2 grown 
on top or a native Al2O3 gate grown on top of aluminum. The choice of the gate material and 
thickness of the gate dielectric affects the break-down voltage of the gate oxide. The most 
challenging part is to fabricate nano-gaps between the source and drain electrodes, with a 
separation width of only one molecule. One commonly-used approach for creating such a junction 
is electromigration where breaking of the conducting channel material is induced by large current  
[27,28,37-40], to form the gap between the nominal source and drain. After the gap is formed by 
electromigration, molecules are introduced into the junction via solution by drop-casting. In 




Figure 1. A schematic diagram of the single molecule transistor. 
 
 Once placed in the gap between source and drain of the transistor, single molecule magnets 
are not just the semiconductor channel of the transistor, but a quantum dot with discrete energy 





























































levels. When a molecule comes in contact with the metal leads (the source and drain electrodes), 
the metal will screen or perturb the molecular orbitals [41,42], causing a reduction of the HOMO 
(highest occupied molecular orbital) and LUMO (lowest unoccupied molecular orbital) gap. This 
molecular orbital perturbation may be considered as molecule-lead (electrode) coupling, 
represented by Gs and Gd (here “s” stands for source and “d” stands for drain) in Figure 2. These 
parameters affect tunneling rates and the overlap between the molecular wavefunction and the 
conduction electrons. The total coupling G, which is the sum of Gs and Gd, is an indicator of the 
broadening of the molecular levels due to the hybridization between the molecule and leads. As G 
gets bigger, the hybridization shifts both HOMO and LUMO closer to the Fermi Energy EF, i.e. 
the HOMO-LUMO gap closes as just noted, and the molecular levels broaden. Using 
electrochemical potential µ, molecular states can be considered in terms of µ(N), defined as the 
total energy difference between the N electron ground state and N-1 electron ground state (Figure 
2). 
The tunneling transport in these molecular types of spintronic devices depends on the 
alignment between the chemical potentials of the molecule and leads (Figure 2). In experiments, 
the transport is commonly characterized by measuring the change of current I or differential 
conductance dI/dVsd, which could be obtained by taking numerical differentiation of the I-V plot, 
versus the source-drain bias Vsd under different gate voltages Vg at very low temperature (usually 
in mK range). The figures plotted from these measurements are often called stability diagrams. 
 
 
Figure 2. The chemical potential diagram of the molecular "channel" respect to the leads without applying 
gate voltage (a,b) and under the influence of gate voltage V (c). Image reproduced from Ref. [27], with 
permission from The Royal Society of Chemistry. 
 





























































Unsurprisingly, a lot of the molecular spin transistors exhibit very low currents due to the 
single molecule nature of the device and thus have limited total conductance. Transport in single 
molecular transistors occurs via electron tunneling from the source to the molecule then tunnels 
out to the drain (co-tunneling). When the tunnel barrier resistance is much higher than the quantum 
of resistance (h/e2 =25.8 kW), only one electron at a time can tunnel through the junction, and so 
places these devices in the framework of the single electron transistor [27]. While quantum 
conductance should go as 2e2/h, where the factor 2 comes from electron spin degeneracy, this latter 
spin degeneracy is lifted when the molecule has a large magnetic moment.  
When the reduction of the HOMO-LUMO gap is not big, i.e. in case of the weak coupling, 
between the local moment molecule and the electrodes, performing such experiments will show 
some interesting features: at low gate voltage Vg, there exists several regions of source-drain 
voltage, Vsd, and Vg where there is no current (zero conductance) and this is referred to as Coulomb 
blockade. Coulomb blockade shows up as diamond shaped bounded regions (named Coulomb 
diamonds) on differential currents plots as a function of gate voltage Vg and source-drain voltage, 
Vsd (Figure 3). Within each Coulomb diamond, the charge of the molecule is fixed to an integer 
number, and adjacent diamonds differ by only one charge (electron or hole).    
Bright areas in the current plots (Figure 3b) denotes single electron tunneling region, where 
the transistor is in its “ON” state. The points connecting adjacent Coulomb diamonds are 
degeneracy points, which means at specific choices of Vsd and Vg, the energy between two charge 
states, of the molecule, are the same. The gate voltage serves as a means to shift and "tune" the 
molecule chemical potential. When Vsd = 0, µs is aligned with µd. If the molecular level is shifted 
at the same chemical potential level as the leads (which is at the degeneracy point), electrons can 
tunnel through the molecule, resulting in a non-zero conductance signal, single electron tunneling 
could occur.  When applying a non-zero voltage Vsd, between the source and lead, the potential 
will shift the source chemical potential µs up by  !" 𝑒|𝑉&'| combined with pulling the drain µd down 
by the same value, resulting in a bias window with a width of e|Vsd| (Figure 2c). When the 
molecular level is correctly tuned within this bias window region, single electron transport will 
occur.  
 






























































Figure 3. Schematic diagram of the current and differential conductance response for a single electron 
molecular transistor. (a) Chemical potential diagram of the molecule island (b) Current map versus bias 
voltage and gate voltage. (c) Differential conductance plotted versus bias voltage and gate voltage. 
Image(b,c) taken and reproduced from Ref. [27], with permission from the Royal Society of Chemistry. 
 
The current, when plotted as differential conductance inside the single electron tunneling 
region, the parallel lines to the diamond edges (which could be seen in Figure 3c) are related to 
the contribution of the conductance due to excited states [27]. These excitations can have an origin 
related to charge, phonons (vibrational), and a variety of other optical excitations. 
 
2.1 Mn12 family of local moment complexes 
 Among the most studied single molecule magnets is the “Mn12” large spin moment class 
of molecules, discovered by Lis in 1980 [22], which contain a core of 12 Mn atoms surrounded by 
acetate ligands.  [Mn12O12(O2C-R-SAc)16(H2O)4], or “Mn12 acetate” has, in fact, been used to make 
single molecule transistors. Absent ligand contributions, the molecule has a total spin S=10, with 
an Ising type anisotropy barrier of around 6 meV [43,44]. Heersche et al. [45] investigated the 
transport properties of two Mn12 derivatives (Mn12O12(O2C-R-SAc)16(H2O)4] where R= C6H4, 
C15H30), at a temperature of 3 K, in 2006. In their device, they used thiol groups as the outer ligand 
to ensure a strong affinity to the gold surface so that the molecule is robustly tethered to the Au 
electrodes, while still weakly perturbed by the metallic contacts. Some interesting features appear 
in the differential conductance plots including regions with complete current suppression and 
negative differential conductance, as seen in Figure 4. At the degeneracy point, indicated on the 
left side of Figure 4a, the current is fully suppressed at some positive source-drain bias voltages 
(above the dashed line in Figure 4a) and restored at an excitation which appears 5 meV higher. 
Two excitations at 2 meV (positive differential conductance) and 3 meV (negative differential 





























































conductance) are evident in the right side of Figure 4a. The current (I) versus source-drain bias 
plot shows this negative differential conductance feature as well (Figure 4b). Conventional   
 
Figure 4. (a) Differential conductance stability diagram in gray scale of the Mn12 derivative 
(Mn12O12(O2C-R-SAc)16(H2O)4], taken at a temperature of 3 K. (b) the current versus voltage (I-V) curve, 
at the gate voltage indicated by white line at the left in panel (a). Image reprinted, with permission, from 
Ref. [45]. Copyright (2006) by the American Physical Society. 
 
Coulomb blockade theory is an inadequate explanation [45], and this may be related to the charge 
induced distortion of the local spin state. In the context of their model, Heersche et al. [45] 
suggested that upon adding or subtracting one electron, the spin selection rule |ΔS|, |ΔS* | = 1/2 
should apply for each energy allowed sequence. The subsequent sequential tunneling may result 
in the accumulation of a certain excited states while the relaxation of the moment could only occur 
by quantum tunneling of the magnetization, which is slow. Transport is thus hindered, and negative 
differential conductance and complete current suppression may occur [45]. Heersche et al. [45] 
also observed the enhancement of the current when an external magnetic field is applied to the 
device, but no specific conclusion was drawn.  
 






























































Figure 5. (a,b) The differential conductance stability plots for a "Mn12Ac" local moment molecular 
transistor, taken at B = 0 T and B = 8 T. (c,d) The differential conductance stability plots for Mn12Cl local 
moment molecular transistor. The data was taken a temperature in the region < 300 mK. Arrows 
indicating excited states. Image reprinted with permission from Ref. [46]. Copyright (2006), the 
American Chemical Society. 
 
Later, Jo et al. [46] performed single molecule transistor measurements on Mn12Ac and 
Mn12Cl derivatives (Mn12 derivatives (Mn12O12(O2CCH3)16(H2O)4, i.e. "MnAc" and 
Mn12O12(O2CCHCl2)16(H2O)4, i.e. "MnCl"), mainly focusing on the magnetic field dependence at 
temperature less than 300 mK. For the transistor, based on Mn12Ac (Figure 5a,b), two excitations 
were observed at zero magnetic field B (yellow and green arrows). Upon applying a magnetic field 
of 8 T, neither of the peaks (indicated by the yellow and green arrows in Figure 5a,b) have split 
(into the expected two peaks), meaning no simple Zeeman splitting occurs with this "MnAc" 
derivative [46], although the shift of one feature (indicated by the yellow arrow, Figure 5b) to 
higher energy is indicative of a Zeeman like effect. For Mn12Cl transistor (Figure 5c,d), Zeeman 
splitting is much more evident in the changes that occur in Coulomb blockade region of the 
differential conductance plot from Figure 5c to Figure 5d (as indicated by the changing positions 
of the states indicated by the yellow arrows) [46].  





























































The presence of a zero applied magnetic field splitting in the conductance plots, is certainly 
possible and is observed in the local moment of Mn12O12(O2CCH3)16(H2O)4, i.e. "MnAc" system, 
as seen in Figure 6a [46]. A magnetic anisotropy barrier, Figure 6b [46], is challenged in the 
presence of an applied magnetic field as the splitting, in the conductance plots, decreases with 
increasing applied field. The steps in the plot of differential conductance, in Figure 6a may be 
related different available spin states, and the behavior overall is indicative of a magnetic 
anisotropy as discussed next. 
 
Figure 6. (a) The nonlinear evolution of the zero field split peaks (indicative of a large local moment 
magnetic system) as B sweeping for the molecular transistor based on the Mn12 derivatives 
(Mn12O12(O2CCH3)16(H2O)4, Mn12Ac, taken at in the temperature region < 300 mK , and (b) energy 
diagram of S=10 state in Mn12 molecule. Image reprinted with permission from Ref. [46]. Copyright 
(2006), the American Chemical Society. 
 
3. The influence of magnetic anisotropy 
 Molecular spin transistors using single molecule magnets has been studied in a large variety 
of molecules [27,28,38,39] and device characteristics can be affected by more than just the spin 
and charge state. The magnetic property of a single molecule magnet might be roughly described 
as the following Hamiltonian (omitting thermal effects and higher order terms for simplicity) 
[27,28]: 
𝐻 = 𝐷𝑆*" + 𝐸1𝑆2"−𝑆4"5 + 𝑔𝜇8𝜇9𝑺 ∙ 𝑯  eq. 1 





























































Here Sx, Sy and Sz are spin operators in the three orthogonal directions, D is the axial magnetic 
anisotropy while E is the transverse magnetic anisotropy. Usually |D|>>|E|, resulting in a large 
magnetic anisotropy in z direction (easy axis along Sz direction). The magnetic anisotropy means 
that single molecule magnets, with the ground state of spin S, can be divided into (2S+1) discrete 
energy values for different ms (from –S to S) along z direction. The sign of the first term D is 
negative, so the potential energy of the ground state forms a double well potential, so that states 
between ms and -ms is separated by an anisotropy barrier. The last term in Hamiltonian is associated 
with Zeeman energy, that occurs when an external magnetic field is applied to the system. 
 Due to the presence of the anisotropy barrier, in order to make a transition from ms to -ms, 
i.e. to reverse the magnetization direction of the molecular local moment, one has to overcome the 
potential barrier with height |DSz2|, this could be done by the thermal activation or application of a 
sufficiently large magnetic field [46]. The relaxation time will increase in an exponential fashion 
as temperature goes down. For the Mn12O12(O2C-R)16(H2O)4 class of Mn12 molecules, the local 
magnetization state is extremely long lived at temperatures in the region of  2 K [21]. 
 
3.1 The Fe4 Molecular Complexes 
Three terminal local moment molecular spin devices,  with a Fe4 metal core, have also been 
investigated (by Zyazin et al. [47] and Burzuri et al. [48]), much in the same was at the Mn12 
molecular complexes just discussed. Three derivatives of the Fe4 metal core molecule 
[Fe4L2(dpm)6] (Hdpm = 2,2,6,6-tetramethyl-heptan-3,5-dione) were studied with the ligand 
moieties H3L = R-C(CH2OH)5 with R = phenyl (i.e. "Fe4Ph") and R = 9-(acetylsulfanyl)nonyl (i.e. 
"Fe4C9SAc") [47], as well as [Fe4L2(dpm)6] · Et2O (H3L = 2-hydroxymethyl-2-phenylpropane-
1,3-diol) [48]. These complexes contains four Fe3+ ions, with one Fe3+ antiferromagnetically 
coupled to the other three and together the metal core is encapsulated in a hydrophobic shell made 
by ligands resulting in the total spin S = 5, as indicated in Figure 7, and magnetic anisotropy barrier 
of 16 K (1.378 meV) [47].  






























































Figure 7. The generalized [Fe4L2(dpm)6] molecule on the left and the spin state anisotropy 
diagram on the right, for such molecular systems with an Fe4 core, where the zero-field splitting, is 
denoted by ZFS. The image reprinted with permission from Ref. [47] with permission. Copyright (2010), 
the American Chemical Society. 
 
With a single Fe4Ph or Fe4C9SAc complex, embedded between source and drain, in a gated 
three terminal device (like Figure 1), interesting transport properties were observed at 1.6 K [47]. 
Although the yield of successful devices was low [47,48], the signature of Coulomb blockade was 
observed [47,48], but so was inelastic cotunneling has been observed, with the data for the single 
Fe4Ph derivative shown in Figure 8a. The regions of single electron tunneling (SET) are also 
indicated. 
The applied magnetic field dependence, shown in Figure 8b,c for the single Fe4Ph 
derivative, was related to the zero-field splitting of adjacent charge states (Figure 7). Within each 
Coulomb blockade area, the charge of the molecule was fixed, thus the magnetic anisotropy is 
fixed in the left and right region respectively of the differential conductance plot. The excitation 
energy of the left charge states is close to the zero-field splitting of the bulk crystal, assumed to be 
the neutral state with |D| (of eq. 1) around 0.06 meV. Under the influence of an increasing applied 
magnetic field B, the increase of the excitation energy is linear (Figure 8b,d), indicating a small 
angle between B and S [47]. Since a substantial angle will increase the transverse anisotropy 
component and can lead to a nonlinear behavior, which was observed for the Fe4C9SAc complex 
[47] and the Fe4 complex [Fe4L2(dpm)6] · Et2O (H3L = 2-hydroxymethyl-2-phenylpropane-1,3-
diol) [48]. The gate voltage will change the charge state of the molecule, changing its magnetic 
properties. Upon adding one electron into the molecule, the B dependence of the N+1 charge state 
(Figure 8c,e) suggests a |D| around 0.09 meV.  
 






























































Figure 8. Differential conductance plots for the [Fe4L2(dpm)6], i.e. an Fe4 complex, molecular spin 
transistor and B field dependency study, taken at 1.6 K. SET in (a) denoted the region of single electron 
tunneling. Image reprinted, with permission, from Ref. [47]. Copyright (2010) American Chemical 
Society. 
 
As indicated above, the evolution of the excitation energy, under applied magnetic field B, 
is related to the angle between B and S. Burzurí et al. [48] performed an angular dependent 
magnetic field studies on the similar Fe4 complex ([Fe4L2(dpm)6] · Et2O), where again Hdpm = 
2,2,6,6-tetramethyl-heptan-3,5-dione) and H3L = 2-hydroxymethyl-2-phenylpropane-1,3-diol) 
spin transistors [48]. The changes in the energy levels, as a function of applied magnetic field, are 
clearly nonlinear in a zero bias Coulomb feature, in the differential conductance plots. The 
simulations (Figure 9b) suggest that the changes, with magnetic field, becomes more nonlinear as 
the angle between B and S increases, consistent with experiment (Figure 9c). The zero bias 
Coulomb feature, in the differential conductance plots, does show a deviation as the direction of 
the applied B field, relative to the device, has been rotated by 90 degrees, providing more direct 
proof of the magnetic anisotropy [48]. Kondo correlations were also observed [47,48], and we 
discuss Kondo effects next. 






























































Figure 9. (a) The schematic of the molecular spin transistor, with the possible variation between the easy 
axis and applied magnetic field indicated, based on the Fe4 complex (complex ([Fe4L2(dpm)6] · Et2O), 
where H3L = 2-hydroxymethyl-2-phenylpropane-1,3-diol)). (b) The model of the shift in energy level, 
with applied magnetic field for various angles (only considering the DSz2 and Zeeman term). (c) the 
experimental results of a zero bias Coulomb feature in the differential conductance plots, as a function of 
applied magnetic field B at two different angles, taken at 1.9 K. Images reprinted, with permission, from 
Ref [48]. Copyright (2012) by the American Physical Society. 
 
4. Kondo effects in nominally single molecule transistor 
Higher order tunneling processes will show up when the coupling, i.e. interaction, between 
the molecule and the electrodes are enhanced [28,47-50]. In 2002, two papers [49,50], published 
together in Nature, highlighted Kondo effects in molecular spin transistors. Park et al. [49] made 
transistors with 2 similar Co based molecular complexes (Co bonded to two polypryridyl ligands, 
with thiol end groups, i.e. Co(tpy-(CH2)5-SH)2 and Co(tpy-SH)2). One of the goals of this work 
was to change metal-organic complex coupling to the metal electrodes [49]. This change in the 
interaction of the Co(tpy)2 molecular complex to the electrode, was affected by changing the length 
of the alkane thiol groups (-(CH2)5-SH versus -SH) in ligands, as indicated in Figure 10a [49]. 
With the long alkane thiol moiety (-(CH2)5-SH), the Co(tpy)2 molecular complex retained with 
behavior typical of a single electron transistor (Figure 10c), yet with a voltage control of the charge 
and spin state.  
With the shorter alkane thiol moiety (-SH), the coupling of the Co(tpy)2 molecular complex 
has been enhanced and a zero-bias conductance Kondo resonance was observed (Figure 10d) [49], 





























































as was observed for [Fe4L2(dpm)6] complexes discussed above [47,48]. Moreover, the Kondo 
resonance peak, for Co(tpy-SH)2, splits in an applied magnetic field with spacing 2gµBH, as seen 
in Figure 10d, [49]. The Kondo temperature was estimated to be around 10~25 K. 
 
 
Figure 10. (a) The long and short Co complex molecules Co(tpy-(CH2)5-SH)2 and Co(tpy-SH)2. (b) 
Device schematics and I-V curve showing the Co(tpy-(CH2)5-SH)2 transistor conductance can be turned 
on and off. (c) the differential conductance diagram for Co(tpy-(CH2)5-SH)2, with the long chain alkane 
thiol, as a function of source drain voltage (vertical) and gate voltage (horizontal), (d) the temperature 
evolution of the zero bias Kondo peak, on the left and the magnetic field dependence on the right,  for 
Co(tpy-SH)2. Image adapted, by permission, from Ref. [49]: Springer Nature, Copyright (2002). 
 
Liang et al. [50] investigated a single electron transistor fabricated with a divanadium (V2) 
complex N, N', N"-trimethyl-1,4,7-triazacyclonane)2-V2(CN)4(µ-C4N4), in a device much like that 
illustrated in Figure 1. The coupling is strong enough to observe a Kondo resonance within the left 
Coulomb diamond of the differential conductance plot (Figure 11a,b). Under the application of a 
magnetic field, the Kondo resonance undergoes Zeeman splitting, indicating a lifting of the spin 
1/2 degeneracy at negative gate bias (Figure 11c,d). Upon adding one electron into the molecule, 
through an applied voltage, the spin degeneracy is lost and the Kondo resonance disappears [50]. 





























































The Kondo effect, for N, N', N"-trimethyl-1,4,7-triazacyclonane)2-V2(CN)4(µ-C4N4), was retained 
up to 30 K. 
  
 
Figure 11. (a,b) The differential conductance plots, for the V2 molecule (N, N', N"-trimethyl-1,4,7-
triazacyclonane)2-V2(CN)4(µ-C4N4)), showing Kondo resonance in two individual devices (a) and (b). 
The inserted diagrams indicate the charge and spin state. (c) The Zeeman splitting under B field of the 
Kondo resonance peak and the differential conductance plot versus gate and source drain voltage, taken at 
an applied magnetic field of 8 T. The data were acquired at 300 mK. Image adapted, by permission, from 
Ref [50]: Springer Nature, Copyright (2002). 
 
Meded et al. [51] studied the electric control of an Fe(II) spin crossover complex 
[FeII(bpp)2]2+ (bpp = 2, 6-bis(pyrazol-1-yl)pyradine) in three-terminal geometry. Their DFT 
calculation showed that when the molecule charge falls to q = +2, the low spin state (LS) is more 
stable; for the charge neutral q = 0, the high spin state (HS) becomes the ground state. Thus adding 
2 electrons will trigger a transition from the LS state to the HS state. And the addition of electrons 
could be achieved by the gate voltage. Experimental results showed that upon adding electrons, 
the zero bias differential conductance changed, indicating a spin state transition (Figure 12). As 
temperature goes up, the variation of the conductance is reduced but as seen in Figure 12b, Kondo 
effects are evident [51]. The Kondo model fits, to the zero bias differential conductance data, 





























































suggests a Kondo temperature of 56 K for this [FeII(bpp)2]2+ (bpp = 2, 6-bis(pyrazol-1-yl)pyradine) 
device [51].  
 
Figure 12. Top: the spin crossover complex molecule and device geometry for the single [FeII(bpp)2]2+ 
molecular spin crossover channel transistor. (a,b) Temperature dependence of differential conductance 
versus bias voltage, near zero bias, showing the temperature dependence of the Kondo peak. (a) is data 
taken for a gate voltage of 2.2 V, (b) is taken for a gate voltage 3.2 V. (b) Similar measurement when 2 
electrons are introduced. (c) Temperature dependence of the zero-bias conductance in (a,b). Image 
adapted, with permission, from Ref [51]. Copyright (2011) by the American Physical Society. 
 
5. Probing the nuclear spin 
The single molecule magnet TbPc2, where a single Tb3+ ion is sandwiched by two organic 
phthalocyanine (Pc) ligands, has also attracted attention [52-56]. Part of the appeals is that this 
metal-phthalocyanine molecule has a magnetic ground state of J = 6 with very strong uniaxial 
magnetic anisotropy, along the normal to the phthalocyanine plane (as indicated in Figure 12a), 
due to the strong spin-orbit coupling of the complex. When connected to an electric bias, current 
flows more favorably through the p conjugated Pc ligands [52]. Because of the huge energy gap 
from the Jz= ±6 ground state to the first excited state (corresponding to a few hundred Kelvin), the 
molecule will stay in a stable ground state when experiments are performed at lower temperatures 
(<5 K) and small magnetic fields (<10 T). Due to the hyperfine coupling between the nuclear spin 
I=3/2 and Tb3+ local moment, due to unpaired electron spins, the ground state Jz= +6 of this 
molecule will split into hyperfine 4 states with |Jz, Iz> = |+6, +3/2>, |+6, +1/2>, |+6, -1/2>, and |+6, 





























































-3/2>, and do so similarly for Jz= -6, as indicated in Figure 12b. At small applied magnetic fields, 
a transition could occur, for example between |+6, +1/2> and |-6, +1/2> via quantum tunneling, at 
the avoided  energy level crossings, while at higher magnetic fields getting larger, direct relaxation  
are possible, leading to the reversal of J (Figure 13b) [52]. 
Vincent et al. [39] explored TbPc2 in a three-terminal molecular transistor and achieved 
the probing of the nuclear spin via electrical means and a direct proof of quantum tunneling of 
magnetization (QTM). Sweeping the magnetic field near the degeneracy point, abrupt jumps of 
differential conductance, dI/dV, were observed showed up at 4 discrete values of magnetic field B 
(Figure 14b), associated with the reversal of Tb3+ magnetic moments, resulting from quantum 
tunneling of magnetization [53]. Statistical studies verified the precision of these applied magnetic 
field values quantum tunneling changes of magnetization (Figure 13c). Later, Thiele et al. utilized 
this read-out mechanism and achieved some control of the hyperfine interactions using an electric 
field pulse [53]. Other differential conductance change experiments for TbPc2 [54], provided 
evidence of the direct reversal of magnetization, at higher magnetic fields, rather than quantum 
tunneling as well as evidence for electron phonon coupling. 
 
 
Figure 13. (a) The TbPc2 molecular spin transistor and (b) the energy diagram of spin reversal processes. 
In (b), two different mechanisms (quantum tunneling and direct reversal) are indicated. Image reprinted 


































































Figure 14. The conductance characteristics of TbPc2 transistor at temperatures less than 5 K. (a) the 
differential conductance plot versus gate and source-drain voltage (b) the applied magnetic field B 
dependence for a gate voltage of Vg = -0.9 V and source drain voltage of Vsd = 0 V, where the arrows 
indicate the direction of magnetic field sweep. The abrupt jumps were associated with quantum tunneling 
of magnetization (QTM). (c) Statistical results from 11000 trials sweeping the magnetic field, showing 
the robustly discrete quantum tunneling of magnetization (QTM). (d) Hysteresis generated by integration 
of 1000 trials, with the arrows indicating the 4 discrete magnetic fields associated with QTM events (-40 
mT (red), -14 mT (green), 14 mT (blue) and 40 mT (purple)). Image adapted by permission from Ref 
[52]: Springer Nature, Copyright (2012). 
  
 We suggest that equivalent complex, with praeseodynium instead of terbium, very might 
be interesting for comparison, as ferromagnetism in Pr arises from the nuclear moment, through 
the hyperfine interaction, at extremely low temperatures. 
 
6. Molecular spin transistor using spin crossover molecular thin films 
 The molecular transistors, discussed so far, have not been accompanied by any evidence 
of nonvolatile switching at room temperature: the device measurement were carried out at 
temperatures below 30 K. To obtain molecular spintronic devices functional, operational at 
temperatures closer to room temperature route, the molecular systems exhibiting a robust spin 
transition have begun to attract increasing attention [1-15].  The spin crossover phenomenon, 





























































representing transitions between two distinguishable spin states, occurs in a large variety of 3d 
transition metal molecular compounds [30,31]. The two electronically distinct spin states, usually 
called low spin state (LS) and high spin state (HS), can be reversibly switched. Various external 
stimuli can trigger this spin transition, such as temperature, pressure, light, but above all electric 
field [7,8,15,39,44,45]. For practical point of view, if spin crossover molecules are expected to be 
used for solid state devices, there must be a way to “easily” sense the change of the spin state so 
that the state could be “read”, and among the most desirable read mechanisms would be a 
conductance change, as seen in the experiments discussed above. The spin transition is seen to be 
accompanied by a conductance change [4,5,7,8,12–14,15,52,57,58], as reviewed by Lefter et al. 
[15]. Furthermore, isothermal changes in the electronic structure and spin state have now been 
achieved for the Fe (II) spin crossover complex [Fe{H2B(pz)2}2(bipy)] [5,9], [Fe(trz)3](BF4)2 (trz 
= triazole)] [14], [Fe(phen)2(NCS)2] [7] and {Rb0.8Mn[Fe(CN)6]0.93 · 1.62H2O} [12] at or near 
room temperature. More recently, magnetoelectric effects have been observed for NiCl2–
4SC(NH2)2 [59], CuCl2·2[(CH3)2SO] [60] and [Mn3+(pyrol)3(tren)] [61], which certainly has 
device implications [62], if this can be demonstrated reliably at room temperature. 
 
Figure 15. Schematics of voltage control of spin state switching by ferroelectric substrate polarization 
change. Image reprinted from Ref. [57], with the permission of AIP Publishing. 
 
 Zhang et al. [63] showed that for spin crossover molecular films of [Fe(H2B(pz)2)2bipy], 
where pz = tris(pyrazol-1-yl)-borohydride and bipy = 2,2'-bipyridine, on top of organic 
ferroelectric substrate PVDF-TrFE, the direction of the interface dipole moment will lock the spin 
state of [Fe(H2B(pz)2)2bipy] into either the high spin or low spin configuration depending on the 
direction of the moment, as schematically illustrated in Figure 15, and more recently repeated on 





























































the molecular ferroelectric polyvinylidene fluoride hexafluoropropylene (PVDF-HFP) [58]. This 
result was explored further to demonstrate isothermal reversible spin state switching, at room 
temperature, through an applied voltage [58]. Molecular thin films of the spin crossover complex 
[Fe(H2B(pz)2)2bipy] grown adjacent to the organic ferroelectrics PVDF-HF and croconic acid, 
were seen to have nonvolatile locking of the spin state, but the spin state could be then manipulated 
by an applied electric field [58]. The spin state was directly probed by X-ray absorption 
spectroscopy, but the spin state switching was seen to be accompanied by a conductance change 
[58]. The high spin state was seen to have higher conductance than the low spin state (Figure 16). 
There is now at least one example of voltage controlled nonvolatile reversible spin state switching 
at room temperature. 
 
 
Figure 16. (a) The transport measurement and indications of conductance change associated with the spin 
state switching. The insets are the XAS spectra across the Fe 2p3/2 core level indicating a change from the 
mostly low spin state to the high spin state for the [Fe(H2B(pz)2)2bipy] on the organic ferroelectric 
polyvinylidene fluoride hexafluoropropylene (PVDF-HFP) polarized towards the [Fe(H2B(pz)2)2bipy] 
(red) or away (black). (b) The schematics of the transistor device. (c) The hysteresis loop of the 
ferroelectric substrate. Image reprinted from Ref. [58], with the permission of AIP Publishing. 
 
Conclusion 
Obviously, there is now considerable evidence that gated molecular spin devices, using 
single (or only a few) molecule magnets, can be fabricated. First, although electromigration and 
break-junction devices technique have been widely used for the fabrication of single molecule 
devices, the success rate still remains low. It appears that only a small fraction of the devices 
fabricated showed the desired single electron transport characteristics such as Coulomb blockade 





























































and Kondo effects [45-51]. Nor is it easy to establish beyond any shadow of doubt whether the 
single molecule devices are indeed restricted to a single molecule, as opposed to few-molecule, 
devices. For molecules coupled, i.e. in electrical contact, to the metal, there might be a size 
mismatch so fine tuning the devices source-drain gap, to fit the molecule of interest, and then 
inserting the molecule correctly may be regarded as impressive technical challenges. Avoiding 
screening, by the high electron density of the adjacent metal electrodes can be done by chemical 
means, as indicated above, but by no means can one completely avoid a closing of the HOMO - 
LUMO gap due to proximity of the adjacent metal. Using organic electrodes such as graphene or 
carbon nanotubes may solve this problem and broaden the choices of ligand groups, while possibly 
providing a route to more controlled if not more facile charge injection. Several groups have begun 
utilizing this idea and some progress has been made [55,64]. Furthermore, so far there is no way 
to precisely control the orientation of the molecule, when embedding a local moment molecule in 
the region between the source/drain electrodes, and how this influences the easy axis of the 
molecular magnetic anisotropy still remains unclear.  
Another big issue to address is that all the single molecule devices reviewed here work 
only at very low temperatures (far below 40 K). Electrical tuning of the molecular spin states using 
gate voltage is of great importance, in molecular spintronics, but to be a "true" device applicable 
to memory applications, this has to work at room temperature. The grand challenge is to achieve 
the electric tuning of the molecular spin states in a nonvolatile and reversible way around room 
temperature, so that better low power consumption spintronic devices could be designed and 
utilized. The specific challenges include 1) the ability to make a thin film, 2) the ability to “lock” 
the spin state, i.e. achieve nonvolatility, 3) the ability to isothermally “unlock” and switch the spin 
state, ideally with voltage, 4) obtain a usable readout mechanism, like a conductance change with 
spin state, which then needs to be accompanied by 5) high on/off ratios, 6) room temperature 
operation, 7) reasonably fast read and write operations (ideally 1 ns or less), and 8) sufficiently 
robust to survive 1016 switches. As yet, not all these conditions have been met in a working 
molecular spintronics device. Yet there is in fact considerable progress in meeting the challenges 
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